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DEVELOPMENT OF A 1000-WATT MULTI-OUTPUT

POWER CONDITIONER FOR CONTROL OF

MERCURY-ION ELECTRIC THRUSTOR

ENGINES

By Paul Knauer

Westinghouse Electric Corporation

ABSTRACT

The power conditioner is designed to operate from a solar-cell

array, and provides eight isolated outputs ranging from 4 volts at 50 amperes

ac to 3000 volts at 0.25 amperes dc. All outputs are self-protecting against

overloads and short circuits, and are designed to withstand repetitive arcing

to any terminal, a basic characteristic associated with electric engine opera-

tion. The power conditioner utilizes a magnetic oscillator to change the dc

input to an ac voltage capable of being transformed to the desired level.

Magnetic amplifiers provide pulse-width-modulated control of all regulated

outputs.
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DEVELOPMENT OF A 1000-WATT MULTI-OUTPUT

POWER CONDITIONER FOR CONTROL OF

MERCURY-ION ELECTRIC THRUSTOR

ENGINES

By Paul Knauer

We stinghouse Electric Corporation

SUMMARY

The purpose of this contract was to develop a multi-output power

conditioner capable of changing the output of a solar-cell array to usable,

controlled power necessary for the operation of an electric thrustor engine.

One breadboard model of the power conditioner was built, tested, delivered

to NASA and operated successfully with a mercury-ion engine.

INTRODUCTION

The power conditioner described herein is designed to provide eight

controlled outputs, required for proper operation of a mercury-ion thrustor

engine. It operates from a solar-cell array capable of providing 40 to 60

volts ac at a nominal current of 33 amperes.

The power conditioner utilizes a magnetic oscillator to provide alter-

nating voltages capable of being transformed to any voltage level. These

transformers provide the required isolation between the eight output stages
and the power conditioner control circuits.

The nominal outputs provided by the power conditioner with a 45 volt
input are as follows:

Suppl____.y Voltage Current Watts

Feed 6 volts AC 3 amps AC 18

or 3 volts AC 6 amps AC

Cathode 4 volts AC 50 amps AC 200

Anode 36 volts DC 7. amps DC 252



_p__y Voltage Current Watts

Screen 3000 volts DC 0.25 amps DC 750

Accelerator 2000 volts DC 0.05 amps DC 100

Neutralizer
Cathode 6 volts AC 7 amps AC 42

Neutralizer
Vaporizer 3.2 volts AC 3.2 amps AC 10

Neutralizer
Bias 55 volts DC 0.055 amps DC --

Total 1372

The detailed volt-ampere characteristics of each of these supplies

is presented in the Appendix.

POWER CONDITIONER OPERATION

Layout

Figures 1 through 5 show various views of the power conditioner.
Each circuit board as well as individual chassis-mounted components are
labelled for purposes of identification. Care must be exercised to ensure
that all circuit boards are inserted properly into their respective recep-
tacles to avoid damage to components•

To aid in the identification of specific circuit-board components, a
detailed photographic layout of each circuit board is presented in Figures
6 through 19. Component symbols correspond to those in the parts list,
Table 1, and the schematic diagram, Figure 20.

Input Requirements

Operation of the power conditioner requires a dc power supply capable
of providing 40 to 60 volts at 35 amperes• Since operation of the power
conditioner is intended to be with a solar-cell array, a fast-response,

2

L _



-4 a c 
0 u 

I 

3 
a, 
-4 
3 

Q) 
k 
7 
b-l 

3 



k 
01 

PI 
I 

3 
a, 

4 



rn 
-4 
rn 
rn 
rd c u 
k 
a, c 
0 

-rl 
4J 
-d a c 
0 u 
k 
a, 

PI 

I 

3 
a, 

-rl 
3 
a 
0 
I3 

. 
m 
a, 
k 
5 
t7 
.d 
rk 

5 



10 
-4 
10 
10 
Id c 
V 
k 
a, c 
0 
-ti 
c, 
-4 a c 
0 u 
k 
a, 
3 
0 
e( 

I 

3 
a, 
-d 
3 
k a 
a, 
ffi 

. 
a, 
k 
7 m 
-d cr 

6 



m 
-4 
m 
m 

k 
a, 
c 
0 
-4 
c, 

7 

-4 a c 
0 r )  

I 

3 
a, 
-4 
3 
E 
0 
c, 
c, 
0 a 

a, 



~- ~~ 

F i g u r e  6 .  I n v e r t e r  C i r c u i t  Board 

8 



R27 CR75 
I Q5 

Y A 

F i g u r e  7 .  I n v e r t e r  Circuit Board (Rear)  

9 



~ 

F i g u r e  8 .  P r o t e c t i o n  C i r c u i t  Board 

10 



y \I* : 'I 1 %  , 
AR2 

Q30 C R 7 8  R 9  

F i g u r e  9 .  Feed  C i r c u i t  Board 

11 



T S  i 7  

F i g u r e  1 0 .  Feed C i r c u i t  Board (Rear) 

12 



C R! 

I 

Ad4 
1 

F i g u r e  11. Cathode C i r c u i t  Board 

13 



T12 

I CATHODE11 

T11 

Figure  12. C a t h o d e  C i r c u i t  B o a r d  ( R e a r )  

14 



I 

1 

0 

F i g u r e  13 .  Anode C i r c u i t  Board 

15 



C23 R15 
R 21 I 

T’3 1 R i 6  
Kl CR 2 9  C 8  CR15 

F i g u r e  1 4 .  S c r e e n  C i r c u i t  Board 

16 



13 R 2  c43 c24 

Figure 1 5 .  A c c e l e r a t o r  C i r c u i t  B o a r d  

17 



t 

F i g u r e  1 6 .  N e u t r a l i z e r  Cathode C i r c u i t  Board 

18 



I J  

i"a ,,, A 

F i g u r e  1 7 .  N e u t r a l i z e r  Cathode C i r c u i t  Board ( R e a r )  

19 



CR13CR31 R 4 5 C R 8 9  R 9 5  R73CR150 I 
\ I t64 

R 6 3  C R l 6 7  

,C R149 
pR81 
,R82 
*Q 3 1  
CR122  
*R149 
5r150 
C R 7 4  
C R 4 9  
-T23 

-C R145 
C R 1 4 7  
* R 4 8  
C R 1 4 6  
C R 1 4 8  

T22 

Figure 1 8 .  N e u t r a l i z e r  V a p o r i z e r  and B i a s  C i r c u i t  B o a r d  

20 



CR156 C R157 
C W 5  \ 14 I Q32 

CR131 /CRj52 ICRl54 
CR153 CR158 

c45 

F i g u r e  1 9 .  N e u t r a l i z e r  V a p o r i z e r  and B i a s  C i r c u i t  B o a r d  ( R e a r )  

21 



current-limited supply is preferred. The input filter consisting of L1, C5,

and C6 minimizes the effect of the power conditioner on a supply of this

type.

The power conditioner is designed toshut down when the input volt-

age rises above 60 volts. Reset is automatic when the power supply voltage

returns to normal.

Input voltages below 40 volts cause the feed supply to turn off.

When the supply voltage returns to normal, the feed supply will turn on

slowly after two seconds.

The regulated outputs are controlled by magnetic amplifiers which

provide pulse-width-modulated control of the output voltages.

All outputs are protected against overloads, short-circuits, and

arc conditions from either of the high voltage outputs. No damage will

result to the power conditioner under any load conditions.

An auxiliary 28-volt dc power supply rated at 500 milliamperes is

required for the remote control panel. The panel supplies the required

command signals for control of the power conditioner.

In addition, a ll0-volt, 60 Hz outlet is required to operate a blower

which cools the main power transistors Q1 and Q2.

Block Diagram

Three simplified block diagrams of the power conditioner are pre-

sented as an aid in understanding system operation. Figure 21 indicates

the relationship of the various output potentials with respect to engine

common. Figure 22 shows the flow of power through the unit, while Figure

23 is a signal flow diagram showing the individual control loops.

THEORY OF OPERATION

Basic Operating Theory

Inherent to the basic operation of the power conditioner is the mag-

netic oscillator consisting of transistors Q16, Q17, and associated compo-

nents, and the power amplifier consisting of transistors Q1, Q2, and

22
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associated components.

The magnetic oscillator provides a 2-kHz, 90-volt squarewave with
an applied input voltage of 45 volts. This squarewave is present at points
C and D in Figure 20 and provides input power to the three neutralizer

circuits. The squarewave exists at all times while the power conditioner

is in operation.

The power amplifier provides a similar 2-kHz, 90-volt squarewave

under nominal input conditions. This squarewave is present at points A

and B in Figure 20 and provides input power to the cathode, anode, and

feed circuits. The squarewave is present at all times during power condi-
tioner operation except during periods of instant-off shutdown.

Input power to the screen and accelerator circuits is obtained via
secondary windings on high voltage transformer T1.

DC Outputs.- The anode, screen, accelerator, and neutralizer bias

circuits provide dc outputs to the load. The volt-ampere characteristics
of these supplies are presented in Figures 24 through 30. All of these

circuits full-wave rectify the ac squarewave to obtain the required dc out-

put. Proper operation of these circuits is indicated by the presence of a
smooth dc output voltage exhibiting the volt-ampere characteristics refer-
enced above.

The screen, accelerator, and anode supplies are protected against over-
load by the instant-off circuit. Application of an overloadto any of these supplies
results in shutdown of the power amplifier for 0.01-1.0 second depending upon

the setting of resistor R50. The neutralizer bias supply is a soft-source sup-

ply inherently current-limited by its characteristics. This supply, therefore,
is capable of withstanding short circuits without shutting down.

AC Outputs. - The thrustor cathode, thrustor feed, neutralizer cathode,
and neutralizer vaporizer supplies provide pulse-width-modulated ac out-

puts. The thrustor feed is a voltage regulated supply, while the remaining
three supplies are current regulated. The volt-ampere characteristics of

each of these outputs is presented in Figures 31 through 34.

Overloads on any of these supplies are sensed by the delayed-off
circuit which shuts down the power conditioner after an overload exists

for eight seconds. The short circuit current in the feed supply is limited
by the winding resistance of the magnetic amplifier AR2 and the output
transformer T6.

28
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Since the remaining three supplies are current regulated, the rms

current is limited by closed-loop regulator action, while the peak currents

are again limited by the winding resistance of the magnetic devices.

While restart of the power conditioner is automatic after an instant-

off condition, a shutdown by the delayed-off circuit requires a command

signal to resume operation.

DC Sensing. - Sensing of dc currents and voltages is accomplished

by one of three methods. Where possible, currents are sensed by insertion
of a series resistance which provides a voltage drop proportional to the

current. This method is used in the screen supply (R17) and the accelerator

supply (R24, R25). Likewise, dc voltages are sensed by a voltage divider

as in the screen supply (R15, R16), and in sensing of the input voltage (R40,

R42; Rl13, Rl14; R109, R120).

Where isolation is required, the dc currents and voltages are sensed

before the power rectifiers through isolation transformers, with the result-

ing output rectified and filtered. This method is utilized in the anode supply

(T14, T15), the accelerator supply (winding 3 of T1), the neutralizer bias

supply (T23), and the power amplifier (T17).

Input current to the power conditioner is sensed by magnetic ampli-

fier AR1. The resulting pulse-width-modulated signal is rectified and

filtered to provide the required dc voltage.

RMS Sensing. - Control of the pulse width of the ac supplies requires

a dc current in the control winding of the magnetic amplifiers. This control

current is directly proportional to the value by which the actual load current
exceeds the desired load current. To obtain a signal of this type, an rms/dc

converter is utilized in the sensing circuits. For example, load current

in the neutralizer vaporizer circuit is sensed by transformer T21 and

rectified by a full-wave bridge. The resulting waveshape is amplified by

transistor Q22, and changed to a smooth dc voltage by the rms/dc con-

verter consisting of C27, R90, R104, and C7. The output of the rms/dc

converter is amplified by Q7 and applied to resistor R58. When the voltage

at the top of R58 becomes greater than the breakdown voltage of diode CR31,

a current flows into the control winding of AR5. This phases back the

output of AR5, thereby maintaining the load current at the desired level.

Sensing of all of the ac currents and voltages is accomplished in a
similar manner.

4O



Overload Protection. - Protection against overloads is provided by

the instant-off and the delayed-off circuit. The instant-off circuit senses

load current in the anode supply as well as the instantaneous collector cur-

rent in the main power transistors QI and Q2. The presence of an overload

signal trips the instant-off circuit, and provides base drive to transistor QI8.

This in turn shorts out a winding on transformer T2 which removes all base

drive from Ql and Q2. The duration of the off time is adjustable by means

of potentiometer R50 between 0.01 and i. 0 seconds.

The delayed-off circuit senses load currents in the cathode, feed,

neutralizer cathode, and neutralizer vaporizer supplies. If an overload

signal exists for longer than eight seconds, transistor Q26 is turned on.

This energizes latching relay K4 which shuts down the power conditioner.

The condition of the instant-off circuit is also sensed by the delayed-off

circuit, and provides automatic shutdown of the unit in the event that the

instant-off condition repeats itself rapidly.

Telemetry Outputs. - All of the sensing circuits described previously

produce dc signal voltages proportional to the measured variable. All tele-

metry outputs are obtained by means of voltage dividers from these voltages.

The voltage dividers perform a threefold function. They provide telemetry

signals of the proper magnitude; they provide a soft-source for the voltage

limiting diode; they provide isolation so that short circuits on the telemetry

terminals will not affect power conditioner operation. The telemetry cali-

bration curves for the various measured parameters are presented in

Figures 35 through 50.

In addition to providing a voltage limiting function, the avalanche

diodes provide protection against arcing from both positive and negative

supplies.

Command Control. - The remote control panel provided with the

power conditioner provides on-off control of the power conditioner as well
as control of the various command functions. Identification of the control

panel switch positions is shown on the schematic diagram.

Potentiometer Adjustments.- Numerous potentiometers are provided

throughout the power conditioner to control the performance characteristics.

The location of each of these potentiometers can be determined by means

of Figure I and Figures 6 through 19 in conjunction with the schematic

diagram.

Miscellaneous Provisions. - A 50-ampere circuit breaker is provided

on the front panel of the power conditioner. This breaker provides a pro-

tective function should a component fault occur, and also allows a convenient
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means to de-energize the power conditioner.

Provisions have been made for three temperature sensing thermis-
tors. One thermistor has been mounted in transformer T1, and another
in the heatsiak associated with transistor Q2. The third thermistor has not

been included, and may be installed as needed.

A thermostat is mounted on the heatsink of transistor Q2. Designa-

ted S1 on the schematic, the thermostat provides an off signal to the power
conditioner when the heatsink temperature reaches 100 ° C. The thermostat
is incorporated to protect the main power transistors in case of blower
failure. Should this situation occur, the power conditioner can be restarted
as soon as the heatsink temperature drops below 100 ° C.

Detailed Circuit Analysis

The detailed circuit analysis presented herein refers to the schematic
diagram, Figure 20, unless otherwise indicated. The operating waveshapes
corresponding to the sets of two test points on the schematic are shown in
Figure 51, while a detailed parts list is presented in the Appendix.

Squarewave Oscillator. - The squarewave oscillator shown in
Figure 52 consists of transistors Q16 and Q17, transformer T19, and

various associated components. The configuration is basically a Jensen

oscillator, which utilizes a square-loop core material in the construction
of T19 to determine the nominal 2-kHz switching frequency. The oscillator

is turned off for extended periods by simultaneously removing the 40 to 60

volt input and by shorting one section of transformer T19. This action is
accomplished by relay K4. The oscillator is turned off during over-voltage
conditions by turning on transistor Q15 which shorts one section of T19,

and removes the starting bias current provided through R128.

Circuit operation is described as follows: Assume Q16 to be off
and Q17 to be on. Under these conditions a current flows from the 40 to 60

volt supply through K4 and R130 into the center tap of the primary of T19,

then through CR56 and transistor Q17. The resulting voltage applied to
T19 causes a positive voltage to appear at the base of Q17 causing a base

current through this transistor limited only by R129. This base drive

causes Q17 to remain on. When T19 saturates, base drive to Q17 is no
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1

ii
i

Numerals in left-hand column refer to test points, Figure 20
All values given are under nominal input voltage conditions of 45 volts

30V

l

f = 4 kHz

Inverter drive input voltage

8v i\ lll
I

f = 2 kHz

Dotted wave shapes indicate

possible pulse widths with
load variation

Pulse-width-modulated output voltage - Feed Supply

3 5.5V
|

f = 2 kHz

Pulse-width-modulated output voltage - Cathode Supply

-4 DC output - see volt-ampere characteristics

5 DC output - see volt-ampere characteristics

6 DC output - see volt-ampere characteristics
i iiii III

FIGURE 51. Operating Waveshapes
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8 f = 2 kHz

Pulse-width-modulated output voltage - Neutralizer Cathode Supply

4.5V
I

f = 2 kHz

Pulse-width-modulated output voltage - Neutralizer Vaporizer Supply

9 DC output - see volt-ampere characteristics

10, 25 90V

_k
f = 2 kHz

Oscillator and Inverter Collector -to- Ground Voltage

11, 12 90V

I

Oscillator and Inverter Collector-to-Collector Voltage

f = 2 kHz

FIGURE 51. Operating Waveshapes o Continued
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13, 14, and 15 present only during instant-off shutdown

13

14

15

0.01to 1.0 -pseconds de-

termined by

R50

2V

IOV

__1

Instant- Off Cir cult Voltage Waveshapes

i

FIGURE 51. Operating Waveshapes - Continued
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16

17

18

17, 18, and 19 present during overload signal application 16.

6V

I
i

lOV

I

8 seconds

Shutdown

19

30V

2_
Delayed-Off Circuit Voltage Waveshapes

27 DC voltage proportional to the RMS value of V8 output voltage

FIGURE 51. Operating Waveshapes - Continued
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23 V

i

Voltage V decreases with

increasing load
f = 2 kHz

Transformer Input Voltage - Neutralizer Vaporizer Supply

9 DC voltage - see volt-ampere characteristics

-f-
26 ll0V f = 2 kHz

I

Inverter-Spike-Suppressor Voltage Waveform

FIGURE 51. Operating Waveshapes - Continued
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53 f - 2.5 kHz

Voltage Waveshapes across magnetic amplifier - Neutralizer Cathode
, Supply

24 f= 5kHz
Pulse width varies with pulse
width of output voltage or
current

! !

RMS-DC Converter Input- Voltage Waveform

I
22,36 I
28, 47 I

32,493934

Internal V'-_ltage Waveshap e - RMS_-DC Converter

f = 5 kHz

Pulse amplitude varies with

amplitude of output voltage
or current

21

27

29

30

DC voltage proportional to RMS value of load current

DC voltage proportional to RMS value of load voltage

DC voltage proportional to load voltage

DC voltage proportional to load voltage

FIGURE 51. Operating Waveshapes - Continued
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31 DC voltage proportional to load current

33 DC voltage proportional to RMS value of load current

35 DC voltage proportional to RMS value of load voltage

37 DC voltage proportional to RiMS value of load voltage

38 DC voltage proportional to RMS value of load current

40 Normally 40 - 60 volts DC. Drops to zero volts at input voltages
above 60 volts

41 Normally 40 - 60 volts DC

42 Filtered DC input. 40 - 60 volts DC

43 Regulated 10 volt dc supply voltage

44 Regulated 30 volt dc supply voltage

45 DC voltage proportional to V5 and V6 output voltage

46 DC voltage proportional to RMS value of load current

48 DC voltage proportional to RMS value of load voltage

50 Normally 0.1 volts. Rises to 0.7 volts when main input voltage
drops below 40 volts

51 Normally zero volts. Rises to 10volts during operation of instant-
off circuit and during off time. When operation is resumed, decays to
zero volts in 2 seconds

52 Normally 10 volts DC. Drops to zero volts when voltage 51 is greater
than 1 volt

FIGURE 51. Operating Waveshapes - Concluded
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longer supplied, and the transistor turns off. The collapsing magnetic field

which results causes an induced voltage in the secondary of T19 of opposite

polarity such that the base of Q16 becomes positive. This turns on Q16 in

the same regenerative manner as Q17 was turned on. At the same time,
the charge on capacitor C3 provides a reverse bias to turn off Q17. This

switching action is repeated periodically at the rate of 4 kHz, and results
in a 2-kHz squarewave at the collectors of Q16 and Q17. One of the inherent

characteristics of this oscillator is that the operating frequency is directly

proportional to the input voltage. Thus, depending upon the dc input voltage,
the operating frequency varies between 1.7 and 2.7 kHz.

A definite advantage is attributable to this type of operation, in that
all magnetic components operate with a constant voltage-to-frequency ratio.

As a result, the magnetic components are operated under optimum conditions
regardless of the power conditioner input voltage.

Avalanche diodes CR140 and CR141 serve a dual purpose. As

avalanche diodes, they protect transistors Q16 and Q17 against excessive

voltages which generally occur during the switching interval. As ordinary
diodes, they provide a path for inductive currents caused by the magnetic
devices. An example of the latter is presented in the discussion of the
power amplifier.

Oscillators of this type are often difficult to start under load. In

order to ensure startup under all conditions, a starter circuit has been

incorporated. When the 40 to 60 volt input is applied, a current flows
through resistor R128 into the base of both Q16 and Q17 to input common.

Diode CR130 prevents this current from being shunted by R129. The

current partially turns on Q16 and Q17, making these transistors suscep-

tible to electrical disturbances. The starter circuit, a unijunction tran-

sistor oscillator, provides a periodic discharge path for capacitor C42 which

in this case includes the base-emitter junction of Q17. This action provides
the electrical disturbance required to start the squarewave oscillator.

The pulse frequency of the starter circuit is much lower than the

operating frequency of the squarewave oscillator. Thus, once oscillations
begin, capacitor C42 is discharged through diode CR75 each time Q17 is

on, resulting in a negligible voltage across C42.

Diodes CR55 and CR56 become necessary when the squarewave
oscillator is used to drive transformer T18. These diodes prevent the
voltages present on T18 from being applied to T19.
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Power Amplifier. - A schematic diagram of the power amplifier is

shown in Figure 53. Transistors Q1 and Q2 are the main power switches

and are rated at 70 amperes and 200 volts. These transistors provide a

squarewave drive to high-voltage transformer TI, which provides the out-

put voltages required for the screen and the accelerator supplies.

The power amplifier utilizes controlled current feedback to provide
base drive to Q1 and Q2 proportional to the collector current of these tran-

sistors. This allows maximum operating efficiency over wide load variations.

During normal operation, one of the power transistors is on while the

other is off. At no time are both transistors on simultaneously. For a

description of circuit operation, assume transistor Q1 is on, and that this
condition was achieved by turning on transistor Q38. A current now flows

from the 40 to 60 volt input into the center tap of T1. Current leaves the

left side of T1, passes through current transformer T17, then, flows through

two turns on transformer T2, and through Q1. As a result, the polarities

on T2 are such that all dots are positive. Under these conditions, current

flows into the base-emitter junction of Q1 of a magnitude proportional to

the collector current. When the polarity of the squarewave oscillator

reverses, transistor Q37 will turn on while Q38 will turn off. Since all

dots on T2 were made to be positive due to current feedback, transformer

T2 now sees a short circuit through Q37 and diode CR64. As such, T2 can

no longer support any voltage with the result that base drive to Q1 no longer
exists. Due to the storage time of Q1, however, collector current continues

to flow for a short period of time. As soon as this current falls to zero,

current flow through CR64 in the primary of T2 also falls to zero, allowing
a voltage to be impressed across T2 due to the current flow from the 40 to

60 volt input, through R132 and Q37. The resulting polarities in the trans-

former are now such that all dots are negative. This causes transistor Q2

to become forward biased. The resulting collector current through Q2 (and

T2) causes a regenerative current feedback to the base of Q2 until this

transistor becomes saturated. The cycle is repeated in this manner at the
frequency of the squarewave oscillator.

Diodes CR43 and CR44 together with capacitor C1 provide a bias
voltage of approximately one volt which allows both transistors to be re-

verse biased during the switching interval. The reverse bias applied to the

transistor being turned off greatly reduces the storage time and the turn-off

time. Resistor R126 simply provides a discharge path for C1 when the power

amplifier is turned off so that no reverse bias exists upon startup.

Diodes CR164 and CR165 perform the dual function of spike suppres-

sion and inductive current commutation. Although the electric engine contains
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essentially unity power factor loads, sufficient leakage inductance exists
in the magnetic devices to cause inductive currents. For example, assume
that transistor Q1 is on, causing an appropriate current flow through T1
as indicated by the arrow in Figure 53. When Q1 turns off, the primary of
T1 becomes a voltage source which attempts to maintain the same current
flow. The resulting voltage is coupled to the opposite half of the primary
of T1, and causes a current flow through the 40 to 60 volt input capacitor
to common, returning through diode CR165. It now becomes apparent that
the coupling between halves of the primary must be very tight in order to
minimize the spike voltages which appear across the transistors during
turnoff.

The spike voltage just discussed are generally limited to a maximum
value by avalanche diodes CR164 and CR165. It has been observed, however,
that as the switching speeds of the transistors become greater, the spike
voltages, which contain high frequency components, become increasingly
difficult to suppress. This difficulty has been attributed both to the character-
istics of the avalanche diodes and to the circuit wiring.

In an attempt to reduce the magnitude of the voltage spikes, a spike
suppression network consisting of CR142, CR143, CR139, R164, and C39
has been incorporated. Spike voltages present on the collectors of Q1 and
Q2 are conducted through diodes CR142 and CR143 to capacitor C39. During
the absence of the spikes, resistor R164 partially discharges C39. Ava-
lanche diode CR139 provides an absolute limit to the charge voltage on C39,
thereby providing an absolute limit to the spike voltage. Although this
circuit limits the magnitude of the spike to a lower voltage than the ava-
lanche diodes across each transistor, the energy of the spikes are never-
theless dissipated in both cases. In addition, problem areas exist also in
the spike suppression network. At higher switching speeds, circuit wiring
again becomes important, as does the effective series resistance of capa-
citor C39. If the latter parameter is too high, the spike voltages can be
observed across C39, but the capacitor will not charge to the peak spike
voltage.

The power amplifier is shut down by one of two methods. Two
independent shut-down circuits are required becauses of the isolated ground

requirements of the power conditioner. In both cases, shut down is accom-

plished by shorting a winding on transformer T2. In one case, an over-
voltage condition at the power conditioner input terminals causes transistor

Q15 to turn on. In the other case, an over-current condition sensed by
the instant-off circuit causes transistor Q18 to turn on. Shorting of trans-

former T2 for shutdown rather than removal of the drive signal is necessary

since, under the latter condition, the power amplifier would continue to
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operate in a self-oscillating mode.

Since the overload capability of the power conditioner hinges on the

power transistors, sensing of load current is accomplished by directly

sensing the transistor collector currents. In this manner, a true indication

of stress on the power conditioner is obtained. These currents are sensed

by transformer T17, then rectified and filtered to provide a dc voltage

proportional to transistor collector current. It is important in this applica-

tion that capacitor C18 is relatively small, so that a time delay is not intro-
duced.

The resulting signal is compared to a reference voltage in the instant-

off circuit, which in turn shuts down the power conditioner by turning on

transistor Q18 upon overload.

Power transformer T1 is the result of a major redesign effort

following the insulation failures associated with the first two transformers.

The final configuration was designed to minimize the intra-winding capaci-

tance of the transformer secondary, and to reduce the maximum voltage

gradients within the transformer to a level below the corona onset voltage.

To fulfill both of these requirements, the transformer was wound in

segments on two machined coil forms. Figure 54 shows the various stages

of the transformer assembly, while Figure 55 presents various views of

the completed unit before potting.

The assembled transformer was potted by the Westinghouse Aero-

space Division in Baltimore, Maryland. The process included a high

temperature pre-bake of the transformer under high-vacuum conditions,

which serves to remove moisture from within the windings. During the

pre-bake period, the potting material was maintained at a high vacuum to

remove entrapped air. Finally, potting was accomplished by immersing

the transformer in the potting material while under vacuum, then applying

a pressure of three atmospheres. As a result, a completely impregnated
transformer was obtained that was as free of voids within the structure as

the present state-of-the-art would allow.

Feed Supply.- The feed supply is a voltage regulated ac power source,

providing a pulse-width-modulated output controlled by a magnetic amplifier.

The ac input to this circuit is obtained from points A and B of the power

amplifier. As such, the feed supply is disabled whenever the power ampli-
fier is shut down.
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FIGURE 54. Various Views of High Voltage Transformer  Before Potting 
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FIGURE 55. Various Views of Assembled High Voltage Transformer Before Potting 
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The magnetic amplifier AR2 is used in a full-wave self-saturating

configuration. Electrically in series with the output transformer, it can

support no voltage without the presence of a control current in winding
number 4. Under these conditions, the entire cycle of the power-ampli-

fier squarewave is applied to transformer T6. As the control current is

increased, the cores in the magnetic amplifier are partially reset during
the non-conducting half cycle. As a result, the magnetic amplifier can

support an increasing portion of the applied squarewave. The portion

supported by the magnetic amplifier is not applied to transformer T6, and
the output of the feed supply is reduced.

Figure 56 illustrates a typical magnetic amplifier transfer character-
istic. With no control current present, the average output voltage of a half-

cycle is equal to the peak value of the squarewave. In this mode of operation
AR2 remains saturated (Curve A, Figure 57). The control current exerts

relatively little influence on the magnetic-amplifier output until its level

reaches IB, a value comparable to its exciting current. With a control

current equal to I B, operation corresponds to curve B in Figure 57. Curve
C in this figure illustrates a typical B-H loop while operating in the control
region of the transfer characteristic curve.

When the control current reaches IC, operation is over the entire
magnetization curve. At this time AR2 supports the entire cycle of the

applied squarewave and the feed output is essentially zero. Should the

control current exceed IC, the magnetic amplifier would begin to saturate
at the opposite end of the B-H curve. In a closed loop configuration, it is

important that operation outside of the latter region is ensured. In this

region, the polarity of the control loop is reversed, causing a regenerative
effect which results in a complete loss of control.

In the feed circuit the control current for the magnetic amplifier is
obtained from a tap on potentiometer R36. The voltage across R36 is a

dc voltage proportional to the rms value of the feed output voltage and is

obtained through transformer T7 by sensing the primary voltage of T6.
The method whereby rms-to-dc conversion is accomplished is described
in another section.

When the feed output voltage exceeds the desired level, the voltage

at the tap of R36 exceeds the breakdown voltage of avalanche diode CR34.
As a result, a control current flows through winding number 4 of AR2, and
the feed output voltage is reduced to the required value.
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Two additional control currents are required for proper operation

of the power conditioner. When the dc input voltage falls below 41 volts,

the feed supply output must be reduced. This has the effect of reducing

the main power requirements of the electric engine, thereby reducing the

load on the dc input supply. The dc input voltage is sensed by means of a

voltage divider consisting of resistors Rll3 and Rll4 across the rectified

output of transformer T18. This arrangement provides the required ground
isolation.

During normal operation, the voltage at the tap of RII4 exceeds the

breakdown voltage of avalanche diode CR38. As a result, transistor Q6 in

the feed circuit remains saturated. When the input voltage falls below 41

volts, CR38 no longer conducts, so that transistor Q6 turns off. The collec-

tor voltage of Q6 now rises, causing a current flow through CR8 into the
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control winding of AR2. This action retards the feed supply output as re-
quired.

Each time engine operation is interrupted, it is desirable for the feed
supply to remain off for several seconds after engine operation is resumed.
This is accomplished by the feed-off delay circuit. Each time the power
amplifier is shut down by the conduction of Q18, a current flow through R143
and CR73 turns on transistor Q12 in the feed circuit. The resulting collec-
tor current also turns on Q13, which causes a current to flow through the
control winding of AR2. When normal operation is resumed, Q18 turns off
thereby removing base drive to Q12. Capacitor C22 must now discharge
through the base-emitter junction of Q13, maintaining the control current
in AR2. This discharge requires approximately 2 seconds, at which time
the feed "supply output rises to its regulated level.

Winding number 3 on AR2 provides a bias current equivalent to IR
as illustrated in Figure 56. This reduces the current requirements of tS_e
control winding, and provides more predictable operation with variations
in ambient temperature.

Winding number 5 receives a control current when the screen current
exceeds a preset level. Retarding the feed output in this manner maintains
the desired level of screen current, thereby providing closed-loop control
of engine thrust.

Winding number 6 consists of a small number of shorted turns, and
performs a twofold function. The response time of the magnetic amplifier
is increased, resulting in stable closed-loop operation. In addition, the
shorted turns tend to reshape the B-It curve of the magnetic amplifier,
eliminating any regions of negative slope. This negative slope would be
indicated by a positive slope in the control region of the transfer char-
acteristic shown in Figure 56, and results in the phenomena known as
triggering, characterized by a loss of control in this region.

The secondary of transformer T6 consists of two identical windings.
Depending upon the load requirements, the windings can be connected in
series or in parallel to obtain the desired output voltage. Small adjustments
of the output can be made with potentiometer R36.

Load current delivered by the feed supply is sensed by current
transformer T5. The sensed current is a pulse-width-modulated squarewave,
and is converted to a proportional dc signal by an rms/dc converter as des-
cribed in another section.
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Cathode Supply. - The cathode supply is a current limited ac power

source which provides a pulse-width-modulated output controlled by a

magnetic amplifier. Operation of the cathode circuit is essentially the
same as that of the feed supply, although the configuration of the power
circuit is somewhat different. The feed output transformer T6 was fed

by the voltage developed between points A and B of the inverter power

amplifier with the magnetic amplifier in series. In this arrangement, the
primary of the main power transformer T1 was required to carry the load

power of the feed supply. Since the feed supply output power was relatively

low, this configuration was quite satisfactory. The cathode supply, on the

other hand, must provide a fairly large amount of power to the load. So
as not to burden the main power transformer with this additional power,

input power to the cathode supply is provided utilizing a form of current

drive. In this arrangement, dc input current flows directly into the center

tap of the cathode power transformer, through the magnetic amplifier, and
to input common through transistor Q1 or Q2. Although this arrangement

prevents increasing the size of transformer T1, it does require a center-
tapped output transformer (T13) with a consequent increase in size.

Cathode load current and voltage is sensed on the primary side of

T13 by means of Tll and T12 respectively. Once again, the pulse-width-
modulated signals are converted to proportional dc voltages by an rms-to-

dc converter. Potentiometer R79 applies a portion of the current signal
to avalanche diode CR98. When the load current reaches a preset rms

value, the voltage at the tap of R79 will be greater than the breakdown
voltage of CR98. The resulting current flow through this diode will cause

transistor Q36 to turn on, causing a current flow into the control winding
(winding number 4) of AR4. In this manner the rms value of the load

current is maintained below a preset level. It should be noted here that

the control winding also receives a signal from the anode circuit. In this
manner the cathode output is retarded when the anode current rises above
a preset level.

Since the engine cathode is floating at a potential of 3000 volts,
cathode load current and voltage are sensed in the primary side of the

output transformer. This eliminates the need for additional high-voltage

transformers and the inherent high-voltage insulation problems. Although
the resulting circuit operation is satisfactory, errors are introduced into

the current and voltage sensing circuits in this configuration. The current

sensing transformer, for example, senses not only load current, but also the

exciting current of the output transformer which, in some cases, is appre-
ciable. The voltage sensing transformer, quite sensitive to changes in

voltage at the primary of T13, does not observe the changes in secondary
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voltage caused by load variations and the associated transformer losses.

The errors introduced in this manner are noticeable in the telemetry cali-

bration data presented in the appendix.

While the prime function of the cathode circuit is to deliver a con-

stant rms current to the load, it is important to discuss the instantaneous

peak currents. Figure 58 shows the change in the peak currents delivered

by the power conditioner as the output pulse width varies. In all cases

shown, the rms value of the waveform is constant. From these curves it
is evident that the peak currents can be very high, and it is these peak

currents that determine the rating of the power switching transistors.
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FIGURE 58. Effect of Pulse-Width-Modulation on Peak Currents
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As the duty cycle of the output wave approaches zero, the magnitude

of the peak current approaches infinity. Obviously, the peak currents must

be limited in a practical system. This limiting is accomplished by the

inherent winding resistance of the magnetic amplifier and the output trans-

former, and by the relatively loose coupling between the primary and

secondary of the power transformer.

Avalanche diode CR99 connects the cathode-current sensing circuit

to the delayed-off bus. When an overload exists on the cathode supply for a

period of eight seconds, the delayed-off circuit shuts down the entire power
conditioner.

Anode Supply.- The anode supply is an unregulated dc power source

capable of supplying one of four selected output voltages. The output is

characterized by a high no-load voltage required for initial startup of the

engine.

The anode supply is protected against overloads by the instant-off

circuit, which instantaneously shuts down the power amplifier for a pre-

determined period of time.

The anode circuit is current driven by the power amplifier transistors

in the same manner as the cathode circuit. The output is selected by chang-

ing taps on the primary side of the output transformer. Tap changing is

accomplished by selectively energizing three latch relays, K5, K6, and K7.

The output of transformer T16 is full-wave rectified and filtered by

diodes CRll9 and CR120 and capacitor C20. An additional winding on T16

feeds a conventional voltage doubler circuit which in turn fulfills the high

no-load voltage requirement.

Transformer T15 senses the anode load voltage on the primary side

of T16. The output of T15 is rectified and filtered and provides telemetry

information on anode voltage. It should be noted that the high no-load

voltage is not reflected back to the primary of T16, and as such is not

included in the telemetry signal.

Transformer T14 senses the anode load current, again on the pri-

mary side of the output transformer. The output of T14 is rectified and

filtered and provides a signal for telemetry, for instant-off protection,

and for control of the cathode output. The telemetry output is obtained from

a voltage divider consisting of R93 and R94, and is limited by CRll3.
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Avalanche diode CRll6 provides the reference level for instant-off

protection. When anode load current becomes excessive, the voltage across
resistor R91 will become greater than the breakdown voltage of CRll6.

The resulting current through CR159 trips the instant-off circuit thereby

disabling the power amplifier stage. Control of the cathode output is obtained

by selection of one of three adjustable current signals available at the taps

of R65, R92, and R154. The desired tap is selected by means of latching
relays K2 and K3. When the anode current reaches a specified level, the

tap voltage will be greater than the breakdown voltage of avalanche diode

CRll2. The resulting current flow turns on transistor Q33, which in turn
provides a control current in magnetic amplifier AR4, thereby reducing

the cathode output.

.°

Screen Supply. - The screen supply is an unregulated dc power source

providing a positive high-voltage output. The supply is self protected
against overloads by the instant-off circuit, which senses screen load current

by sensing the collector current of the main power transistors Q1 and Q2.

The high voltage output from transformer T1 is rectified by a full-

wave bridge consisting of diodes CR57 through CR60. Each diode is actually

a number of diodes connected in series to obtain the required reverse break-
down voltage. They are packaged in a three-terminal configuration which

comprises one half of the full-wave bridge. The output of the bridge is filtered

by capacitor C23, which discharges after shutdown through R15 and R16.

The remaining components provide current and voltage sensing for

telemetry and control purposes. The screen voltage telemetry signal is
obtained from the voltage divider consisting of R15 and R16. Since the high

output voltage necessitates high resistance values, the telemetry output

impedance is reduced by emitter follower transistor QS. Diode CR129

limits the magnitude of the voltage at the output terminal.

It should be noted that, while the screen supply is referenced to engine
common, the screen voltage telemetry signal is referenced to telemetry ground.

Although this arrangement provides a very simple means of obtaining the
telemetry information, it requires a good external interconnection of both

grounds for proper operation.

Screen current for telemetry and delayed-off protection is sensed
by transformer T3, which senses load current before it is rectified. The

resulting signal is rectified and filtered to obtain a smooth dc signal. Re-
sistor R21 provides isolation between the output of T3 and the telemetry

terminal. As such, the telemetry output may be shorted to ground without
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affecting the voltage developed across R22. For this reason the voltage
developed across R22 rather than the filtered output is applied to the delayed-
off bus through CR17.

Resistor R17, electrically in series with the screen supply, provides
a signal voltage proportional to load current for control of the feed supply.
This signal could as well have been obtained from the output of T3 with few
circuit modifications, although neither configuration appears to have an
advantage over the other.

The signal voltage developed across R17 is actually a function of the
resistance of R17 in parallel with the series combination of R18 and R13
or R14. As such, the latter two resistors may be varied to control the
developed voltage. Either potentiometer, therefore either of two signal levels,
may be selected by remote command of relay K1. The resulting voltage
developed across the resistor network is applied to avalanche diode CR15.
When the screen current exceeds a predetermined level, the current through
CR15 flows through winding number 5 of AR2, the feed circuit magnetic
amplifier, reducing the feed supply output proportionately.

Accelerator Supply. - The accelerator supply is an unregulated dc

power source which provides a negative high-voltage output. The accelera-
tor supply, like the screen supply, is self-protected against overloads by

the instant-off circuit, which senses the collector current of main power
transistors Q 1 and Q2.

The output of transformer T1 is rectified and filtered by a high-

voltage bridge assembly and filter capacitor identical to that used in the

screen supply. Capacitor C24 discharges after shutdown through resistor
R6.

Accelerator load current is sensed by means of two dropping resistors,

R24 and R25, located in series with the grounded side of the accelerator
supply. The total voltage drop, sensed through R23, provides telemetry
information at low levels of accelerator current. A portion of this signal

at the tap of R24 and R25 provides telemetry information through R1 at

high levels of accelerator load current. Diodes CR20 and CR21 limit the

magnitude of the total voltage during overloads on the accelerator supply.

A portion of the total voltage present at the tap of R10 and R20 is

fed to the delayed-off bus via diode CR30. Although the accelerator supply
is capable of supplying surge currents as high as those in the screen supply,

continuous overloads on the accelerator supply for periods exceeding eight
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seconds cause complete shutdown of the power conditioner by the delayed-
off circuit. As in the screen supply, operation of the accelerator current

sensing circuit, referenced to telemetry ground, requires an external

connection between telemetry ground and engine common.

The output of winding number 3 on transformer T1 is rectified and

filtered to provide a telemetry signal proportional to the accelerator output

voltage. The circuit provides the required signal isolation, but is insensi-

tive to losses in the accelerator supply. As a result, an increase in ac-

celerator load current causes a decrease in the accelerator output voltage,
while the telemetry voltage remains constant.

Neutralizer Cathode Supply.- The neutralizer cathode supply is a
current_limited ac power source which provides a pulse-width-modulated

output waveform controlled by a magnetic amplifier.

The power circuit is identical to that of the feed supply, except

that the input to the circuit is obtained from the squarewave oscillator,
points C and D on the schematic. This arrangement allows continuous

operation of the neutralizer supplies regardless of interruptions in the

high voltage supplies. Load current is sensed by transformer T8 in the
primary of the output transformer.

The resulting signal is rectified and converted into a dc voltage
proportional to the rms value of load current as described in a later section.

The desired dc voltage is available at the emitter of transistor Q24. This

voltage is used for delayed-off protection, for telemetry, and for current
limiting. It is fed to the delayed-off bus through isolating diode CR80.

The telemetry output is obtained from voltage divider resistors R67 and R68.

The current limiting signal is taken from the tap of R69 and applied through

R102 to avalanche diode CR79. Load currents above a predetermined level

cause the tap voltage to exceed the breakdown voltage of CR79, resulting
in a control current through winding number 4 of AR3. This control current
maintains the rms load current at the desired level.

In this circuit, the magnetic amplifier bias current was applied
directly to the control winding rather than to a separate winding to determine

the possibility of eliminating one winding. No change in performance has

been observed using this arrangement at room ambient temperatures,

although a final decision must be based on tests conducted over temperature
extreme s.

The neutralizer cathode output voltage is sensed by transformer T9

on the primary side of the output transformer. Once again, this arrange-
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ment is insensitive to variations in load voltage due to transformer losses.

Operation of the rmsoto-dc conversion in the voltage sensing circuit is
described in another section.

Neutralizer emission current is sensed by means of the voltage

developed across resistor R8. Diode CR144 limits this voltage in the

event of arcing between the high-voltage supplies and the neutralizer cathode

terminals. The combination of R7, C44, and CR127 provide filtering and

voltage limiting of the telemetry signal. The two terminals located between

the secondary of T10 and resistor R48 are jumpered during normal opera-

tion. The terminals provide a means of introducing an external power

supply to bias the entire neutralizer assembly. This bias appears to be

desirable while conducting engine tests in a vacuum tank.

With the introduction of a bias supply, the protection afforded by

diode CR144 against high voltage arcs is in doubt. As a result, diode
CR161 in series with CR166 was added between terminal V7 and chassis

ground. By using two avalanche diodes back to back, protection against

positive and negative arcs is provided, while allowing the neutralizer

assembly to be biased either positively or negatively by means of an

exte r na I supply.

Neutralizer Vaporizer Supply.- The neutralizer vaporizer supply is a

current-limited ac power source which provides a pulse-width-modulated

output waveform controlled by a magnetic amplifier. Operation of this

supply is very similar to that of the neutralizer cathode supply. A detailed

description of this circuit will therefore not be repeated.

In the neutralizer vaporizer supply, load current is sensed in the

secondary of the power transformer. With the resulting absence of exciting

current in the sensing circuit, error was greatly reduced. The improve-

ment in performance is evident in the shape of the volt-ampere character-
istics curve.

Avalanche diode CR162 in series with CR166 provides protection in

the event of high voltage arcing.

Neutralizer Bias Supply.- The neutralizer bias supply is an unregu-

lated dc power source characterized by a high source impedance. This

supply is located on the same circuit board as the neutralizer vaporizer
supply.
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The required high output impedance is provided by inductor L2
located on the primary side of T22. The output of T22 is rectified by a
full-wave bridge and filtered by capacitor C45. As the load on the bias

supply is increased, the increasing load reflected back to the primary of
T22 causes a proportional increase in the IX L drop across L2. This drop

is non-dissipative, which provides a distinct advantage over a resistive
dropping element, but produces a non-linear volt-ampere characteristic.
Whether this non-linearity is tolerable during engine operation remains to
be determined.

Since the voltage at the primary of T22 is proportional to load voltage,

voltage sensing transformer T23 is located at this point. The output of T23
is rectified, filtered, and amplified, and provides a signal for telemetry
and for control of the neutralizer vaporizer supply.

Proper engine operation requires that the neutralizer vaporizer out-

put be reduced to zero when the neutralizer bias voltage falls below one of
four preset voltage levels. These levels are set by potentiometers R64,
R73, R76, and R95, and are selected by remote command by means of
latching relays K8 and Kg. The reference voltage is provided by the volt-
age divider consisting of resistors R81 and R150. When the voltage at
the tap of the selected potentiometer (therefore the voltage at the base of
Q31) becomes greater than the voltage across R150, a current flows into
the base-emitter junction of Q31. This causes the collector voltage of Q31

to decrease, thereby removing base drive from Q32. As Q32 turns off,
control current flowing through winding number 4 of AR5 decreases, allow-
ing the neutralizer vaporizer supply to turn on. As the neutralizer bias
voltage decreases below the preset level, the procedure reverses and the
neutralizer vaporizer supply turns off.

Instant-Off Protection. - The function of the instant-off circuit is

to provide protection for the inverter power amplifier during overloads on

the screen, the accelerator, or the anode supply. Upon sensing an over-

load, the instant-off circuit instantaneously shuts down the power amplifier
for a predetermined period of time, after which normal operation is resumed.

The circuit is shown schematically in Figure 59. Its operation is

essentially that of a mono-stable multivibrator, changing state upon
application of an input pulse, and remaining in this quasi-stable state

for a specified period of time. Transistors Q19 and Q20 form a latch
circuit. Upon receipt of an input pulse to the base of Q19, collector
current in this transistor turns on Q20. As a result, collector current

through Q20 flows through R26, R151, CRll, and into the base of Q19,
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thereby causing Q19 to remain on. During this time, the collector voltage

of Q20 provides power to the unijunction oscillator, consisting of Q4 and
associated components. Capacitor C21 now charges through R35 and R50.

When the capacitor voltage reaches the firing voltage of Q4, (::21 discharges
through Q4 and R51, producing a voltage pulse across R51. This pulse
momentarily turns on transistor Qll, which in turn removes base drive

to Q19, returning the latch circuit to its original state.

Potentiomenter R50 serves to adjust the charging rate of capacitor
C21, thereby providing an adjustment of the instant-off time period between
0.01 and 1.0 seconds.

During the instant-off interval, the output of Q20 provides base drive

through R152 to Q39 and Q18. This disables the inverter power amplifier

as described previously. The output of Q20 is also sensed by the delayed-
off circuit, which disables the entire power conditioner unit upon repetitive

application of instant-off pulses at intervals of less than 2 seconds. Opera-

tion of the delayed-off circuit is described in the following section.

Delayed-Off Protection. - The delayed-off circuit provides protection

for the power conditioner against continuous overloads. Upon existance of a

continuous or a pulsed input for a period greater than eight seconds, the
delayed-off circuit de-energizes the power conditioner. Pulsed signals are

ignored by this circuit unless the pulse repetition rate exceeds 0.5 pulses
per second.

A schematic diagram of the delayed-off circuit is presented in
Figure 60. During normal power conditioner operation_ transistor Q29 is

off, and capacitor (::38 is charged to the breakdown voltage of avalanche diode

CR138 with the result that Q28 is on. As such, no base drive is received

by transistors Q26 and Q27. Upon application of a fault signal, transistor
Q29 turns on, immediately discharging capacitor (::38. As a result, transis-

tor Q28 turns off, allowing capacitor (::37 to charge at a rate determined by

the RC time constant of (::37 and R160. Capacitor (::37 continues to charge
upon removal of the fault signal until capacitor (::38 charges to the break-

down voltage of CR138, in this case determined by the values of (::38 and R162.

Thus a pulsed input that is repeated within 2 seconds allows capacitor C37

to charge continuously, while the absence of a pulse for a period greater
than two seconds will cause capacitor (::37 to discharge.

When the voltage across C37 reaches the breakdown voltage of CR137,
transistors Q27 and Q28 are turned on, energizing one coil of latching relay
K4. The resulting contact action, indicated by the direction of the arrow,
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shorts one transformer winding each on oscillator transformer TI9 and

power-amplifier transformer T2, and interrupts the dc input power to the
oscillator.

A thermostatic switch, represented as Sl in the schematic, is mounted

on the heatsink of power transistor Q2. In the event the heatsink temperature

rises above 100 ° C, S1 will close, thereby securing the power conditioner.

RMS/DC Conversion. - The control and telemetry functions of the

power conditioner require dc signal voltages proportional to the output
voltage and current of each individual supply. In the case of the ac supplies,
the sensed variable is a pulse-width-modulated ac squarewave. This square-

wave must be converted to a dc signal proportional to the rms value of the

variable. A schematic diagram of the circuit used to accomplish this con-
version is shown in Figure 61. The output of the sensing transformers is

rectified and applied to the input of the rms/dc converter. In the case of

the current sensing transformer, an emitter-follower transistor is included
to provide a low impedance output. The applied waveform is a positive

going squarewave varying in width and amplitude. Figure 62 shows the

average value of this waveform as a function of pulse width B. Also shown
is the rms value of the same waveform.
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FIGURE 61. Schematic Diagram - RMS/DC Converter
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A comparison of these two curves indicates that the rms voltage

curve can be approximated by increasing the average voltage in the region
of B=0.5, but not in the region B=0or B= 1.0. The rms/dc converter
performs this task.

During operation, input capacitor C i charges rapidly to the peak

value of the input squarewave. At the end of the squarewave, Ci discharges

exponentially through R i forming the waveshape shown in Figure 61. The
area under the exponential portion of the curve adds to the area under the

input squarewave in the region where B = 0.5, but not when B = 0 or when

B = 1.0. The average of this waveshape is obtained by the output filter
consisting of Ro and Co.
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Proper selection of Ri and Ci results in the approximate character-
istic as shown in Figure 62. The error introduced by this circuit as a
function of duty cycle B is shown graphically in Figure 63. In the case of
a current-regulated output, normal opei-ation occurs in the region where
B > 0.5. Thus, the maximum error introduced by this circuit does not
exceed 4 percent.

Although not yet completed, recent tests conducted on this circuit

indicate that accuracies of 1.0 percent are possible over 80 percent of the

pulse-width range.
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POSSIBLE IMPROVEMENTS

Efficiency and Weight

The efficiency of the power conditioner was measured to be approx-

imately 70 percent under the conditions outlined in Table 1. The weight

of the power conditioner components was calculated to be approximately

20 pounds. Since the power conditioner was designed for a total output power

of 1372 watts, this corresponds to a specific weight of 14.58 pounds per
kilowatt.

Table 1. Power Conditioner Efficiency Data

Feed

Cathode

Anode

Screen

Accelerator

Neutralizer Cathode

Neutralizer Vaporizer

Neutralizer Bias

Output

Volts

6.2

4

35.5

2620

1900

Amps

3

30

3.5

0.25

Power

Watts

18.60

120.00

125.25

655.00

5.4

3.1

55

0.05

4.35

2.65

0.06

95.00

23.50

8.20

3.30

Total Output

Total Input

Efficiency

1048.85 watts

1485 watts

70.6 percent

(33A, 45v)
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The major losses are attributable to the magnetic components and

to the regulator components in the 10- and 30-volt supplies. The losses in

the magnetic components could be reduced considerably by increasing both
wire size and core size but would result in an increase in component weight.

An alternate approach would be to increase the operating frequency

of the inverter. This would allow an increase in efficiency without additional

weight. Since operation of the magnetic amplifiers becomes questionable

at high frequencies, a two-inverter configuration should be considered. In

this approach, the supplies presently controlled by magnetic amplifiers
would be operated at a frequency compatible with the characteristics of

the magnetic amplifiers and the engine, while the remaining supplies would

be operated at much higher frequencies.

A third approach would be to incorporate transistor switching elements
in lieu of the magnetic amplifiers, thereby eliminating the weight and losses

associated with these devices. This approach, however, would require
additional components to drive the transistors, thereby reducing the overall

reliability of the power conditioner.

The losses associated with the 10- and 30-volt supplies are due in part

to the regulator configuration, selected for its simplicity, and to the power

requirements of the control circuits. The losses in the regulator can be

reduced by utilizing pulse-width-modulated control such as offered by a

magnetic amplifier. The losses in both the control circuit and the regulator
can be reduced by utilizing integrated circuits wherever possible. One of

the integrated circuit configurations presently used by Westinghouse AED

in numerous areas can be used as a digital level detector, a monostable

multivibrator, an analog amplifier, or a memory element, with demon-

strated reliability and noise rejection capabilities.

Regulation

Several problems were encountered in attempting to meet the regula-
tion requirements of the ac supplies. The major problem was caused by
the location of the sensing transformers in relation to the load variables

being measured. In all cases where this sensing was accomplished on the

primary side of the output transformer, errors were introduced into the
control signals. This error adversely affected the closed-loop operating

characteristics of the controlled outputs and the accuracy of the telemetry

information. The improvement in operation obtained by sensing the variables

at the secondary of the output transformer was demonstrated in the neutralizer
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vaporizer supply. This method, however, would introduce additional
transformer insulation problems when adapted to the ac outputs which

are biased at high voltage levels.

The use of an integrated-circuit voltage level detector appears to

be highly compatible with the required control characteristics of the regula-

ted supplies. The use of avalanche diodes with a breakdown voltage of
less than 6 volts is highly undesirable due to the less-than-ideal character-
istics which would be exhibited. A differential amplifier available as an

integrated circuit provides an ideal solution to this problem, and, contrary

to the avalanche diode, requires no temperature compensation.

Signal Noise

Noise introduced into the control circuits of the power conditioner

by the presence of high-current switching presented numerous problems.

In all cases, these problems were caused by applying low-level signals
to sensing circuits located some distance away. Small filter capacitors

were necessary in some cases to reduce the noise to a tolerable level, while
relocation of the circuits was necessary in others. Shielded cable may have
provided sufficient noise rejection, but the elimination of all low-level signal

leads would be the ultimate goal.

DUMMY LOAD AND TEST CONSOLE

The dummy load and test console provides a variable load for each
of the power conditioner outputs along with associated metering devices. In

addition, command functions, telemetry readouts and provisions for simula-
ting short circuit and arc conditions are included.

Figures 64 and 65 show two photographic views of the completed
unit. Features to provide personnel safety were considered to be of prime

importance. A red warning light located on top of the unit is automatically

energized when either positive or negative high voltages are present. In
addition, clear Plexiglas panels allow easy viewing of the front-panel meters

while preventing contact with components operating at high voltages. Inter-

locks operated by the front access door provide an off signal to disable the
power conditioner, and cause a shorting bar to ground both high-voltage
supplies.
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A schematic diagram of the unit is presented in Figure 66. The

unit requires a ll0-volt 60 Hz input for the various control and cooling
functions. Time delay relay K2 prevents application of a high voltage to

thyratron VI for 60 seconds upon startup. Lamp I2 senses closure of

contact K2, thereby indicating that the unit is ready for operation.

The power conditioner power terminals are connected to the dummy

load and test console by means of connecting leads emanating from the

unit. By means of front panel knife switches, these terminals can then be

connected to the appropriate variable load, or to one of two bus bars.
The bus bars can be shorted to each other by means of relay K1 (with $40

closed), or may be used to simulate an arc condition by means of relay K8
(with K1 closed and $1 open). In this manner, any power conditioner output

terminal may be shorted or an arc simulated to any other terminal, or to

engine common.

Although NASA change order number 4 required a major redesign
of the power conditioner neutralizer supplies, corresponding changes were

not incorporated in the dummy load and test console. As a result, loading

and monitoring of the neutralizer outputs must be accomplished externally.

In addition, the command signal configuration, now obsolete, is replaced
by the remote control panel delivered as a separate item with the power
conditioner.

A detailed component parts list of the dummy load and test console is

presented in the appendix.

CONCLUSIONS

The purpose of this contract was to develop a power conditioning
unit capable of providing the necessary control functions associated with

operation of mercury-ion electric thrustor engine. While efficiency, weight

and reliability were considered the major design trade-offs, initial decisions

led to the choice of magnetic amplifiers as control elements for purposes
of simplicity and reliability. As a result, the weight of the unit was generally
fixed.

Among the major problems encountered during the development phase
were the areas of high voltage transformer insulation and the accurate

measurement of load variables. The transformer problem was eliminated

by careful redesign which limited the internal voltage gradients, and thorough
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potting of the completed unit. The accuracy of the load variable measure-
ments was limited due to the location of the sensing circuits on the primary

side of the output transformers, and was greatly improved in one case by

relocating the sensing circuit in the secondary.

While the total number of components in the power conditioner

appeared high when compared to the units developed under NASA contract

NAS3-7420, this difference must be weighed in light of the difference in

system requirements. Although the total component count could be reduced
considerably by the use of integrated circuits, the total number of functions

provided by these circuits would remain essentially unchanged.
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APPENDIX A

COMPONENTS PARTS LIST - POWER CONDITIONER

Drawing No. EDSK 328236

For NAS 3-7938 B/B#1

Page Index

Content

Revisions to

Parts List

Capacitors

Diodes

Inductors

Mag. Amps

Relays

Ckt. Breaker

Resistors

Transformers

Transistors

Accessories

and Hardware

Component Numbers Used

C1 - C46 (C40 not used)

CR1 - CR168 (CR125, CR126

not used)

L1 - L3

AR1 - AR5

K1 - K9

CB1

R1 - R164 (Rll0, Rl17, R121 -

R125, R135, R139, R155 not used)

T1 - T23

Q1 - Q39

Component Total

45

166

3

5

9

1

154

23

39

101
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I REVIS IONS

REMOVED:

ADDED:

C HANGED:

I
C2, C35, Rl15

CR124 -CR129, R4, T20

CR39 from 30 volt 5 watt to 20 volt 10 watt; R4(_from llKohmto 13Kohm;

R129 from 16.2 ohm to 1 ohm; changed all terminals

H. R. H. 2.3.66

ADDED: 50M60180 to C18, C19; MIL-S-19500/124Bto CR41; MIL-S-19500/272 to CR8[

et. al.; MIL-R-19Ato R13, R14; Note to CR55 et. al.

H. R. H. 2.4.66

ADDED:

CHANGED:

CR131 - CR136, Q25, R6, Rl18, Rl19, R120, Rl15

K5 from $4GH-2-22 to W 929A681-1; R44 from 250 ohm to 130 ohm; R130 from

2.2K ohm to 33 ohm; Q14 from 2N2658 to $2N2102; Q16, Q17 from 2N1016Dto

Solitron SES094; R132 from 2K ohm to 3K ohm; R109 from 25 ohm to 1.8K ohm;
R49 from 20K ohm to 5K ohm

H. R. H. 2.7.66

C HANGED:

REMOVED:

R48, R49 from 10Kohm RPC type EBMto 5Kohm
R20

G.W.E. 2.11.66

CHANGED: R1 from 500 ohm to 510 ohm; R5 from 600 ohm to 620 ohm; Rll et. al. from

5Kohmto 5. 1Kohm; R12 et. al. from 500 ohm to 510 ohm; R62 from 6.9Kohm

to 6.8K ohm; R80 from 50K ohm to 51K ohm; R8 1 from 25K ohm to 24K ohm; R3,

R127 from 50 ohm to 51 ohm; R28 et. al. bushing size from 3/8 to 1/4

H. R. H. 2.14.66

REMOVED:

CHANGED:

ADDED:

Rl17, C18, C19, CR122, Duplicate R120 1.8Kohm, Duplicate CR129 60 volts

Rll6 from ll0 ohm to 9. 1K ohm; CR121 from W 379H to SIN645

Elapsed Time Meter information; Parts List Cover, page 1, page 20, and

renumbered pages

P. K. 4.26.66

C HANGED: R44 from 35 watt to 15 watt 50M60185

R. M. W. 5.13.66

CHANGED: C22 from 33Mfd to 27Mfd; C28, C27 from 0.047Mfd to 0.056Mfd; CR124 from

TITLE PARTS LIST REVISIONS NAS 3-7938

POWER CONDITIONER

DWG. NO. EDSK328236

PAGE 1 OF 25



, i,i

iREVIS IONS
|

UZ5860 to UZ5760; C5, C6, C33 from W 929A495-1 to W 929A795-tl

ADDED: Number Req'd for.all parts
R. M. W. 5. 17.66

t

ADDED: CR130 as UT4040
R. M. W. 5.24.66

ADDED: Updated W Drawing No. 's
R. M. W. 8.26.66

REMOVED:

CHANGED:

ADDED:

The following CR's: 6, 7, 10, 12, 13, 14, 25, 31, 49, 74, 75, 89, 90, 91,

103, 110, 111, 115, 123, 127

The following R's: 2, 5, 7, 8, 9, 10, 27, 28, 30, 31, 32, 45, 47, 48, 49,

53, 55, 58, 62, 63, 64, 73, 75, 76, 80, 81, 82, 87, 90, 95, 100, 103, 104,

110, 112, 118, 119, 135, 149, 150

The following C's: 7, 27, 34

The following Q's: 5, 7, 21, 22

The following XFMR's: L2, AR5, T4, T20

The following K's: 5
CRll2 from S1N746to S1N752;AR4-AR5 from -1Atypeto -IN type; R51 from

1Kohm 1/2 watt to 110 ohm 1/2 watt; R54 from 3K ohm 1/2 watt to 20K ohm

1/2 watt; R57 from 300 ohm 1/2 watt to 3.9K ohm 1/2 watt; R132 from 3K ohm

1/2 watt to 510 ohm 2 watt

CR137 - CR143, C36 - C40, R152 - R154, R156 - R164, Q26 - Q29

Number Req'd for all parts corrected
R. M. W. 9. 12.66

ADDED: UJT Ckt. Components: R53, R28, R27, CR75, C42, Q5

R. M. W. 9. 13.66

ADDED:

CHANGED:

KS, K6, K7 W927A283-1; CR90, CR91, CRll0, CRlll
R132 from 510 ohm 2 watt to 500 ohm 5 watt

H. T. G. &R. M. W. 9.21.66

ADDED: The following CR's:

The following R's:

The following C's:

115, 103, 123, 127, 144

2, 5, 7, 8,

43, 44

R.M.W. 9.23.66

ADDED: The following CR's: 31, 49, 74, 89, 25, 6, 7 10, 12, 13, 14_ 145 - 158

TITLE PARTS LIST REVISIONS NAS 3-7938

POWER CONDrrIONER
DWG. NO. EDSK,328236

,w

PAGE 2 OF 25



REVIS IONS
ii

C HANGED:

REMOVED:

ADDED:

ADDED:

ADDED:

CHANGED:

REMOVED:

ADDED:

C HANGED:

ADDED:

TITLE

The following R's: 32, 49, 45, 103, 63, 55, 58, 62, 47, 104, 90, 112, 87,

118, ll9, 80, 81, 82, 149, 150, 135, 64, 76, 73, 95, 100, 75

The following C's: 2, 7, 27, 34, 41, 45, 46

The following Q's: 7, 21, 22, 31, 32, 30

The following K's: 8, 9

R12 from 2 watt to 1/2 watt; R37 from 1.8K ohm to 3.9K ohm 1/2 watt; R68 from

1K ohm to 510 ohm 1/2 watt; R101 from 390 ohm to 1K ohm 1/2 watt
R34

R. M. W. 10.11.66

I_2, AR5, T4, T20 - T23; Parts List pages 2 and 3 and renumbered pages;
Number Req'd for all parts corrected

R. M.W. 10. 12.66

Feed V2c Terminal

R. M.W. 10.26.66

Grommet

R. M. W. 10.28.66

J1 from 15 pin to 26 pin connector (like one that was available)

e

R. M. W. 10.31.66

CR84, R52, R105

CR122, CR84, CR159, CR160, R9, R10, R20, C18, C19, Q33

R159 from 20K ohm 1/2 watt to'2K ohm 1/2 watt to 1.5K ohm 1/2 watt;

R127 from 51 ohm 2 watt to 51 ohm 1/2 watt; R91 frorrf 100 ohm 2. 1 watt to

150 ohm 1/2 watt; R22 from {K ohm 1/2 watt to 820 ohm 1/2 watt; R131 from

3K.ohm 1/2 watt to 51K ohm 1/2 watt; R128 from 1K ohm 1/2 watt to 5.1Kohm

1/2 watt to 51K ohm 1 watt; R47 from 130 ohm 1/2 watt to 430 ohm 1/2 watt;

R135 from 130 ohm 1/2 watt to 300 ohm 1/2 watt; R66 from 2K ohm var. to 10K

ohmvar.; R41 from 3.9Kohmto 5.1Kohm 1/2 watt; C40 from 1.5 Mfd. to 5Mfd;
C20 Sprague P/N llSP 30502S2 to P/N llSP 30592S2; CR 71 from 1N762 to
UZ57 i0

R. M.W. 11. 10.66

Number Req'd for all parts corrected.

R. M. W. 11.11.66

PARTS LIST REVISIONS NAS 3-7938

POWER CONDITIONER

DWG. NO. EDSK 328236

PAGE 3 OF 25



lEVISIONS

REMOVED:

ADDED:
Columns for 1N3910, W929A432-2 and UZ5730, W929A770-5

In above columns CR161-3; CR164 - CR166.

R.M.-W. 11.14.66

REMOVED:

ADDED:

CHANGED:

C18, C40, R139, R106, R135, CR84, CR14, CR25, CR125, CR126, T21,

Duplicate C21_Mfd. 35 volt

C18, R52, R30, R31, R34, R48, Ri37, R138, R105, R106, Q34, Q35, Q37,

Q38, Q36, L3 andT21, CR84, CR14, CR25, CR167, CR168

R99 from 1K ohm 1/2 watt to 3K ohm 1/2 watt;

R101 from 1K ohm 1/2 watt to 620 ohm 1/2 watt;

R88 from 1K ohm 1/2 watt to 300 ohm 1/2 watt;

R91 from 150 ohm 1/2 watt to 330 ohm 1/2 watt;

R45 from 1K ohm 1/2 watt to 1.8K ohm 1/2 watt;

R85 from 1K ohm 1/2 watt to 510 ohm 1/2 watt;

R55 from 1K ohm 1/2 watt to 510 ohm 1/2 watt;

R83 from 1K ohm 1/2 watt to 3K ohm 1/2 watt;

R107 from 430 ohm 1/2 watt to 330 ohm 1 watt;

R93 from 1K ohm 1/2.watt to 3K ohm 1/2 watt;

R7 1 from 1K ohm 1/2 watt to 2.4K ohm 1/2 watt; C16 from 2.2Mfd. 20v to

10Mfd. 35v; CRll6 from UZ5710 to UZ5730; CR7 from S1N645 to S1N752A;
CR99 from S1N645 to S1N752A

R. M.W. 11.22.66

ADDED: • Sl (Thermostat); S2, S3, S4 (Switches); F1 (Fan);

Pages 3, 9, 18 and renumbered pages accordingly;
Number req'd for all parts corrected

R. M. W. 11.23.66

ADDED: Q39
R. M. W. 1.3.67

TITLE
PARTS LIST REVISIONS

NAS 3;7938 POWER CONDITIONER I DWG. NO. EDSK328236
PAGE 4 O1-25
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